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Scedosporium apiospermum and Scedosporium prolificans are fungal pathogens that can cause severe human
infections, including disseminated mycosis in immunocompromised patients. Two real-time PCR (RT-PCR)
assays for the diagnosis of these species were developed and validated for the classification of clinical strains
and for the detection of DNA in clinical samples by use of a murine model of invasive infection. A total of 14
clinical strains and 141 samples, including blood, serum, and lung samples from infected CD1 mice, were
analyzed. Each RT-PCR methodology used a species-specific molecular beacon probe targeting a highly
conserved region of the fungal ribosomal DNA gene. Results showed 100% specificity and a detection limit of
10 fg of DNA for both assays. The sensitivities for the S. prolificans-specific PCR assay were 100% for cultured
clinical strains, 95.5% for lung tissues, 85% for serum, and 83.3% for blood. For S. apiospermum, the sensi-
tivities were 100% for clinical strains and 97.2%, 81.8%, and 54.5% for lung tissues, serum, and blood,
respectively. Both techniques can be useful for clinical diagnosis, and further studies are warranted.

Scedosporium apiospermum (telemorph, Pseudallescheria
boydii) and Scedosporium prolificans are members of the
hyphomycetous genus Scedosporium (17). These molds are
pathogenic in humans. They may cause asymptomatic coloni-
zation or localized or disseminated infection following trauma,
surgery, and immunosuppression (17).

Infections by S. prolificans have been described more re-
cently than those by S. apiospermum. Initially S. prolificans was
found to cause mainly bone and soft tissue infections in im-
munocompetent individuals. However, the importance of S.
prolificans has increased in the last few years, as it can cause
disseminated infections, specifically in neutropenic patients (2,
7). Most reports of these infections have been from Belgium,
Australia, Spain, and North America. The causes for this
highly localized prevalence are not yet known, although cli-
mate conditions could be related (16).

Invasive Scedosporium infections are characterized by high
mortality and poor response to antifungal agents. The majority
of the available antifungal drugs show low in vitro activity
against S. apiospermum, and only some new triazoles, such as
voriconazole and posaconazole, seem to be active in vitro (10).
On the other hand, S. prolificans is a multiresistant fungus,
tolerating virtually all systemically active antifungal agents, in-
cluding the new triazoles and echinocandins (5, 6, 10). Because
of the usually fatal outcome of these infections, a correct and
early diagnosis and identification of these fungi are necessary.

Current diagnosis methods for Scedosporium infections have
some limitations. In tissue sections, these species appear as
septated and branched hyphae and can be easily misidentified
as Aspergillus, Fusarium, and even species of black fungi. A
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technique based on hybridization in situ using DNA probes has
been described to improve these methods (12). In addition,
culture and identification of the fungus are necessary to per-
form a correct diagnosis, but other morphologically similar
species can make the classification of these fungi difficult (9).
Serological methods like immunodiffusion tests are not com-
mercially available yet (10, 21). An assay based on the detec-
tion of a peptidorhamnomannan antigen for S. apiospermum is
available (15); however, cross-reactivity with other fungal spe-
cies has been reported (13). Finally, conventional PCR assays
have been developed to detect Scedosporium DNA (1, 11, 22),
but to date no methods based on quantitative PCR methodol-
ogies to detect these species have been described.

The aim of this study was to develop a rapid and sensitive
technique for the detection of Scedosporium spp. in cultures
and from clinical samples. On that basis, two specific real-time
PCR (RT-PCR)-based assays for the detection of S. apiosper-
mum and S. prolificans DNA were developed. Each assay used
a fluorescently labeled molecular beacon probe, which allows a
specific and quantitative detection of Scedosporium DNA with-
out postamplification manipulation steps. The two RT-PCR
assays were validated in vitro and in a murine model of invasive
infection. The sensitivities, specificities, and reproducibilities
of both methodologies were evaluated.

(This work was presented in part at the 46th Interscience
Conference on Antimicrobial Agents and Chemotherapy, San
Francisco, CA, 2006.)

MATERIALS AND METHODS

Design of the RT-PCR-based assay. (i) Strains. Six clinical strains of S. pro-
lificans and nine strains of S. apiospermum (including P. boydii and Graphium
fructicola) belonging to the collection of the Spanish National Center of Micro-
biology (CNM-CM) were used. The specificity of the technique was assessed, as
other fungal species were included in the study. Clinical strains employed were
as follows: Aspergillus fumigatus (CNM-CM-AF237), Aspergillus flavus (CNM-
CM-2669), Aspergillus terreus (CNM-CM-2013), Fusarium verticillioides (CNM-
CM-2975), Fusarium oxysporum (CNM-CM-2914), and Candida albicans (ATCC
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TABLE 1. Sequences of the primers and probes used in RT-PCR

RT-PCR primer or probe

Organism assayed
Name

Sequence (5'-3")*

S. apiospermum Sap1 (forward primer)
Sap2 (reverse primer)
Sap-MB1 (probe)

Spl (forward primer)
Sp2 (reverse primer)
Sp-MB1 (probe)

S. prolificans

5'-CCATTGTGAACCTTACCTATG-3’
5'-TCAAATCAGAACTGTAATCCG-3'
FAM-CGCGATACGCCGCCGAGGCAACAGATCGCG-BHQ1

5'-AACCCTTTGTGAACCTTACC-3'
5’-CGATGCCAGAACCAAGAG-3'
FAM-CGCGATCCACCAAACTCTTGCATTTATAGCGGATTAGATCGCG-BHQ1

¢ Underlining indicates the PCR target sequence.

64551). In addition, human and murine genomic DNAs (Promega, Madrid,
Spain) were included in the experiments.

(i) DNA extraction. DNA extraction from cultured organisms was done as
described previously by Tang et al. (21).

(iii) Primer and probe design. Primers and molecular beacon probes were
designed on the basis of the nucleotide sequence of the internal transcribed
spacer (ITS) ribosomal DNA (rDNA) region for 20 strains of S. prolificans and
15 strains of S. apiospermum by use of the Beacon Designer 4.0 software (Pre-
mier Biosoft, Palo Alto, CA). Primers and probes selected were subjected to a
BLAST search in the GenBank sequence database (http:/www.ncbi.nlm.nih.gov
/GenBank/) and in the database of the Department of Mycology of the Spanish
National Center for Microbiology (more than 3,000 distinct sequences) to avoid
cross-homology with other microorganisms, including dematiaceous species. All
primers and probes were species specific, except for primers Sp1 and Sp2, which
were designed in a conserved region (rDNA 18S and 5.8S). Analysis was done
with the help of Fingerprinting II Informatix software, version 3.0 (Bio-Rad,
Madrid, Spain). The oligonucleotide sequences of primers and probes are shown
in Table 1.

(iv) PCR assay. PCRs were performed in the Chromo 4 system (MJ Research,
Bio-Rad). The kit 2X SensiMix DNA (Quantace, Ecogen, Madrid, Spain) was
used as described by the manufacturer. The PCR mixture (20 wl) contained 0.5
M of each of the primers, 4.5 mM MgCl,, and 0.4 pM of the probe labeled with
5" 6-carboxyfluorescein (FAM) and 3’ Black Hole Quencher 1 (BHQ1) (Sigma
Genosys, Spain). Each reaction mixture contained 18 pl of the master mix and a
2-pl aliquot of DNA from the extracted sample. The cycling conditions included a
first step for preincubation (activation of the enzyme) and denaturation of the
template DNA at 95°C for 10 min. The next steps included an amplification program
of 40 cycles as follows: denaturation at 95°C for 15 s, annealing at 54°C for S.
apiospermum or 52°C for S. prolificans at 15 s, and extension at 72°C for 5 s.
Quantification standards were run in conjunction with each set of samples. The
amplicons generated were 132 bp for S. apiospermum and 176 bp for S. prolificans.

PCR products were subjected to electrophoresis in 2% agarose gels (Prona-
disa, Madrid, Spain) following the protocols of Sambrook et al. (18) to confirm
the PCR results. Amplified fragments were sequenced (ABI Prism 377 DNA
sequencer; Applied Biosystems, Madrid, Spain), and the obtained sequences
were compared to an S. prolificans and S. apiospermum ITS1 sequence database
available in the laboratory. Each PCR run contained both negative and positive
controls consisting of water and different concentrations of genomic DNA from
S. prolificans (CMN-CM-1627) and S. apiospermum (CMN-CM-3169).

(v) Standardization. Standard curves were constructed with PCR results from
five repetitions of different dilutions of S. prolificans (CMN-CM-1627) and S.
apiospermum (CMN-CM-3169) genomic DNA. Dilutions ranged between 10 ng
and 1 fg DNA/pl. The crossing point (threshold cycle [Cy]; cycle at which
fluorescence becomes detectable above background) values were plotted against
the logarithmically converted DNA concentrations, and a linear regression co-
efficient was calculated (Fig. 1). An average value and 99% confidence interval
for crossing-point values obtained for each DNA concentration were calculated.
The reproducibility was defined as the percentage of values inside the confidence
interval. In addition, a range of assay validation was calculated per DNA con-
centration, taking into account the average values and the confidence intervals.

RT-PCR assays of cultured clinical strains. The utility of the assays of cul-
tured clinical strains was evaluated. DNA extraction and RT-PCRs were per-
formed as described above. Two microliters of the extracted DNA was used in
each reaction.

Murine model. A standardized murine model was performed based on the
model described by Smith et al. (19). Male 6- to 7-week-old ICR (CD1 specific-
pathogen-free) mice (Criffa, Barcelona, Spain) weighing about 30 g each at the
time of inoculation were used in the experiment. Upon arrival, mice were sep-

arated into groups of up to eight per cage, housed in covered plastic cages with
filters, and allocated in a ventilation rack with HEPA filters and a positive
ventilation system (Techniplast, Barcelona, Spain). Sterilized food, bedding, and
bottles were used throughout the experiment. Sterilized tap water with tetracy-
cline at 1 mg/ml (Sigma-Aldrich, Madrid, Spain) was also used to avoid bacterial
contamination. All procedures with mice were performed in accordance with the
Real Decreto 223/1988 for the protection of experimental animals.

The following groups were studied: (i) healthy controls, (ii) immunosup-
pressed control mice, and (iii) immunosuppressed infected mice. Immunosup-
pression was performed as follows. Cyclophosphamide (Genoxal; Prasfarma,
Barcelona, Spain) at 200 mg/kg of body weight was administered intraperitone-
ally in 0.2 ml of saline buffer on days —3 and every 3 days until study completion
(day 14). Cortisone acetate (Sigma-Aldrich) was administered at 112.5 mg/kg
subcutaneously in 0.1 ml of 0.02% Tween 80 solution on days —3 and —1. §.
apiospermum (CNM-CM-3169) and S. prolificans (CMN-CM-1627) were used in
the experiment. For preparation of the inoculum, the organisms were subcul-
tured in agar potato dextrose tubes (TEC-Laim, Madrid, Spain) and incubated at
37°C for 3 to 5 days. Conidia were harvested with 5 ml of 0.85% sterile saline-
0.01% Tween 80 solution. The suspension was filtered through an 11-pm filter
and then adjusted in order to give each mouse 3 X 10* conidia of S. apiospermum
or S. prolificans in a final volume of 30 pl. Inoculation was performed intranasally
on day 0 under general anesthesia with 0.1 ml of a mixture of a 9:1 (vol/vol)
mixture of 12.5 mg/ml ketamine (Ketolar, 50 mg/ml; Parke-Davis S.L., Madrid,
Spain) and xylazine (Rompum, 2%; Quimica Farmaceutica Bayer S.A., Barce-
lona, Spain). A total of 41 mice were inoculated with S. apiospermum, and 51
were inoculated with S. prolificans. Cages were checked twice daily for dead or
moribund mice. Animals were euthanized when symptoms of pulmonary or
disseminated infection were detected. Any animal that had severely reduced
mobility, that was unable to reach the drinker, or that was otherwise in substan-
tial distress was sacrificed by intracardiac puncture under general anesthesia.
Lung, whole-blood, and serum samples were recovered under aseptic conditions.
For animals that were found dead, no blood or serum samples could be recov-
ered.

Lung tissues were homogenized in 2 ml of 0.85% sterile saline. An aliquot of
this homogenate was cultured in Sabouraud dextrose chloramphenicol gentami-
cin (Oxoid, Madrid, Spain) and blood agar (Oxoid) plates and incubated at 30°C.
The rest of the homogenate was stored at —20°C until DNA extraction was
performed.

RT-PCR assays of animal samples. DNA extraction from mice samples
(blood, serum, and lung tissue) was done using the QIAamp DNA kit (Qiagen,
Izasa, Madrid, Spain) following the manufacturer’s recommendations. Elution
was performed in 50 pl of elution buffer. All samples were stored at —20°C, and
they were allowed to thaw at room temperature before testing. PCRs were
performed as described above. Positive controls with Scedosporium DNA and
negative controls with murine DNA were routinely included.

RESULTS

In vitro sensitivities, reproducibilities, and specificities of
the RT-PCR assays. The designed PCR-based assays specifi-
cally detected S. prolificans and S. apiospermum DNA. The
sensitivities for both assays were 10 fg of DNA per pl of
sample. The determination coefficient (+°) of the linear regres-
sion between crossing-point values and different dilutions of
genomic DNA was 0.99 (P < 0.01). The average coefficients of
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FIG. 1. (A) S. prolificans RT-PCR. (1) Amplification plot obtained for dilutions of standard DNA (from 20 ng to 10 fg/20 wl). (2) Standard
curve obtained plotting C;s against the logarithmically converted DNA concentration. (B) S. apiospermum RT-PCR. (1) Amplification plot
obtained for dilutions of standard DNA (from 20 ng to 10 fg/20 wl). (2) Standard curve obtained plotting C;s against the logarithmically converted

DNA concentration.

variation were 3.3% and 3.5% for S. prolificans and S. apio-
spermum PCR assays, respectively.

The specificities for both PCR-based assays were 100%. No
positive signal was detected when 2 ng of DNA from other
fungi (different species of Aspergillus, Fusarium, and Candida)
and genomic DNA from human and mouse were tested. In
addition, no cross-reaction was observed between Scedospo-
rium species.

RT-PCR assays for cultured clinical strains. RT-PCR re-
sults were positive for all cultured clinical strains tested. The
PCR-based assays specifically detected DNA from eight clini-
cal strains of S. apiospermum and six of S. prolificans. Sequenc-
ing of the amplified fragments confirmed the RT-PCR results.
The crossing-point values varied according to the amount of
DNA obtained for each strain.

Animal model. Infection in mice was confirmed when lung
tissues were positive in culture. From a total of 51 mice inoc-
ulated with S. prolificans (CMN-CM-1627), 45 had proven in-
fections. Similarly, for S. apiospermum, 36 mice from a total of
41 inoculated developed infection. Figure 2 shows the survival
curves for the two murine models. Control and immunosup-
pression groups had no symptoms of infection and were sacri-
ficed on the 14th day. A total of 141 samples from infected
mice were tested, and the number and type per animal model
are stated below.

RT-PCR results in samples from the Scedosporium prolifi-
cans murine model. RT-PCR was performed for serum (n =
18), blood (n = 20), and lungs (n = 45) from S. prolificans-
infected mice. The assay was positive for 43 of 45 lung samples
(95.5%), for 17 of 20 blood samples (85%), and for 15 of 18
serum samples (83.3%). The average DNA concentrations per

Percent mouse surviving

0 2 4 6 8 10 12 14

Day post infection

FIG. 2. Survival curves of mice infected with 3 X 10* CFU of S.
prolificans (O) and S. apiospermum (@®).
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wl of samples were 230 pg in lungs, 15 fg in blood, and 4.6 fg
in sera. Samples from control and immunosuppression groups
were negative in the RT-PCR assay.

RT-PCR results in samples from the Scedosporium apiosper-
mum murine model. Samples of serum (n = 11), blood (n =
11), and lungs (n = 36) from S. apiospermum-infected mice
were collected, and RT-PCR assays were performed. Results
were positive for 35 of 36 lung samples (97.2%), 6 of 11 blood
samples (54.5%), and 9 of 11 serum samples (81.8%). The
average DNA concentrations per pl of samples were 600 pg in
lungs, 12 fg in blood, and 21 fg in sera. Samples from control
and immunosuppression groups were negative in the RT-PCR
assay.

DISCUSSION

There are very few reports that describe molecular diagnostic
methods for S. apiospermum and S. prolificans. Wedde et al. (22)
developed a conventional PCR assay that consisted in the ampli-
fication of an rDNA region and detection with hybridization
probes for the clinically relevant Scedosporium species. Other
authors designed PCR-based assays for the detection of Scedos-
porium DNA from infected tissues (11, 14). Recently, a microar-
ray assay for the detection of fungal DNA from 14 pathogen
species, including S. prolificans, has been designed (20). These
assays rely on previous fungal isolation or on additional tech-
niques such as gel electrophoresis or DNA sequencing. In addi-
tion, to date there are very few data on the sensitivity and
validation of these techniques in clinical samples.

We have developed two RT-PCR-based assays using molec-
ular beacon probes targeting the ITS1 region of rDNA for the
detection of S. prolificans and S. apiospermum DNA. The two
RT-PCR assays were specific (100%) and had good sensitivi-
ties and reproducibilities.

The developed techniques were tested first for six cultured
clinical strains of S. prolificans and eight of S. apiospermum. All
Scedosporium strains gave positive results in each specific as-
say, while other control species included in the assay were
negative. These results show one of the clinical uses of these
techniques, that is, the correct classification of cultured strains.
Both species appear as filamentous fungi with unspecified sep-
tated branched hyphae and can be easily misidentified as other
species of hyaline or black fungi.

In order to validate both RT-PCR assays, animal model
experiments were done. Other animal models of disseminated
Scedosporium infection have been previously reported (3, 4, 8).
However, here we described an easy and reproducible method
using intranasal inoculation. Blood, serum, and lung samples
from infected mice were recovered to perform the RT-PCR
assays. In the S. prolificans model, the PCR assay was positive
in 95.5% of lung samples, 83.3% of serum samples, and 85% of
blood samples. Similarly, in the S. apiospermum model, the
PCR assay was positive in a very high percentage of samples of
lung (97.2%) and serum (81.8%), but sensitivity was lower
(54.5%) in blood samples, probably due to the presence of
inhibitors. However, new studies including an internal control
should be carried out to detect inhibition of the PCR.

In summary, the methods described here allow a quick and
sensitive detection of S. apiospermum and S. prolificans. The
differentiation between these two species is clinically impor-
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tant, as they show marked differences in their in vitro suscep-
tibilities to the currently used antifungal agents. These assays
allow a rapid confirmation of cultured strains suspected to be
Scedosporium and differentiation from other fungi. The use of
these techniques in clinical samples will contribute to the es-
tablishment of an early diagnosis, which is necessary for suc-
cessful treatment.
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